Abstract-A key limitation, especially for the continuous-wave operation of terahertz quantum cascade lasers, is the large amount of heat dissipated in the active region. We demonstrate an all-electrical technique for monitoring the lattice temperature and characterizing the thermal properties of the active region, using the waveguide of the device as a temperature sensor. We report a measured temperature difference between the heat sink and top waveguide layer of up to 27 K during the continuouswave operation of GaAs/Al 0.15 Ga 0.85 As-based devices, lasing at 2.4 THz. A thermal model of the devices is used to determine the thermal conductivity of the active region perpendicular to the semiconductor interfaces to be 7.3 W/(m·K).
intrinsically limited wall-plug efficiencies, corresponding to the inherent emission of phonons in the active region, a large amount of the electrical input power is dissipated as heat. Especially when devices are operated in continuous-wave mode or in pulsed mode with large duty cycles, the lattice temperature in the active region can therefore be significantly higher than the heat sink temperature, which decreases the population inversion and consequently the optical gain.
In addition to improving the design of the active region and the waveguide, it is of utmost importance to determine and optimize [10] the thermal properties of terahertz QCLs. A simple approach to study the thermal properties of a QCL is to estimate the thermal resistance of a device from a particular set of light-current-voltage (LIV) measurements. A commonly used method is to analyze the dependence of the threshold current density on the heat sink temperature [11] . Another related approach for estimating the thermal resistance of a QCL is to determine the average laser power as a function of the duty cycle [12] . Various additional optical techniques exist to measure the temperature of the active region during operation. A transient interferometric thermal laser mapping technique can be used to measure the change in the refractive index of the active region due to current-induced heating [8] . The change in refractive index due to an increasing temperature can also be measured by monitoring the spectral shift of the emitted longitudinal modes [13] . Microluminescence measurements are able to determine the spatially resolved lattice and electron temperature distribution in the active region [14] , [15] . It has to be noted that in terahertz QCLs the electron temperature can significantly differ from the lattice temperature [16] . In this letter, we demonstrate an all-electrical technique for measuring the lattice temperature in the top of the active region, using the waveguide of the device itself as a temperature sensor.
II. MEASUREMENT TECHNIQUE
Terahertz QCLs typically use single-plasmon or doubleplasmon waveguides [17] . In both cases, a metal waveguide on the top of the device is in direct contact with the active region. The temperature-dependent resistivity of the metal is used to directly measure the lattice temperature in the active region beneath the waveguide. The measurement of the resistivity during the operation of a QCL is performed using two independent source-measure units (SMU). The first SMU is used to bias the QCL, and therefore set the potential difference between the top and the bottom contact. The second SMU is Fig. 1 . Schematic representation of the measurement setup, which is used for the thermal monitoring of a terahertz QCL. A distributed element model is used to illustrate the all-electrical measurement principle, which takes into account the resistivity of the waveguide layer (δ R W G ), the resistivity of the active region (δ R AR ), and contact resistances of the bonding wires (R C ). Four bonding wires and two SMUs (V Bias , V Sense ) are necessary to simultaneously bias the active region and measure the temperature dependent resistance of the top metal layer. The measurement current I M (due to V Sense ), and pump current I P (due to V Bias ) are shown in red and blue, respectively. The measured currents and potential differences are a sum of the responses to the two voltage sources. used for a four-point-probe measurement of the waveguide resistance. Due to the low resistivity of the waveguide layer, it is important that contact resistances are not influencing the measurement.
The electrical model of the measurement configuration is shown in Fig. 1 . The SMUs are modeled with independent voltage sources, and the superposition theorem is used to outline the measurement principle. Setting the voltage source V Sense to zero shortcuts the two outer bonding wires. In this situation, approximately half of the pump current I P , which is supplied by V Bias , is flowing through each of these two bonding wires. In contrast, if V Bias is set to zero, and V Sense is used to apply a small potential difference between the two ends of the waveguide, a current I M is supplied by V Sense . In case the resistivity of the active region is much higher than the resistivity of the top waveguide, I M is only flowing through the outer bonding wires and the top waveguide layer. For a terahertz QCL this condition is certainly met. In order to avoid any contact resistance effects in measuring the waveguide resistance, the potential drop along the waveguide is measured between the two additional inner bonding wires. This potential drop V M , as well as the total measured current I Sense flowing through the outer right bonding wire, are a superposition of the response to each voltage source. The offsets in the measured current I Sense and voltage V M , due to biasing the QCL structure, are taken into account by determining the resistance of the top waveguide using a differential resistance measurement. This is achieved by sweeping V Sense in a fixed QCL biasing condition. The temperature dependent resistance of the top waveguide R W G between the two inner bonding wires is given by the differential resistance
which can be determined with a linear regression analysis from a set of data points obtained by sweeping V Sense .
III. DEVICE DESIGN AND FABRICATION
This temperature measurement technique is applied to terahertz QCLs based on a four-well resonant-phonon active region design [18] , which is designed for an emission frequency of about 2.4 THz. The quantum cascade structure is realized in the GaAs/Al 0.15 Ga 0.85 As material system and has a layer sequence of 5.7/8.4/3.1/7.0/4.3/16.3/3.2/9.7 nm, where barriers are indicated with bold letters and the underlined well is doped with silicon at a density of 4.5 × 10 15 cm −3 . We study devices with a double-metal waveguide [17] , which are fabricated using standard double-metal processing techniques [19] . The 15 µm thick active region is sandwiched between two metal waveguide layers and wafer-bonded to a 350 µm thick, highly doped GaAs substrate. A 10 nm Ti/300 nm Au metal layer is used for the top waveguide, which acts as the sensor for the lattice temperature measurement. The substrate is indium-soldered to a copper plate, and individual devices are wire-bonded with gold wires for providing the electrical contacts, as shown in Fig. 2 . Four bonding wires are connected to the top contact of the device for the simultaneous biasing of the active region and measuring the resistance of the top waveguide. The samples are mounted in a liquid helium flow cryostat for controlling the heat sink temperature.
IV. EXPERIMENTAL RESULTS
The light-current-voltage (LIV) characteristic and emission spectrum of a typical 1000 × 60 µm large device are presented in Fig. 3 . The threshold current density of 160 A/cm 2 is relatively low. Therefore, devices show lasing emission not only in pulsed mode but also in continuous-wave operation. The maximum output power under continuous-wave operation measured from a single facet is 0.5 mW. It is therefore clear that most of the electrical input power (1.47 W at maximum output power) is converted into thermal energy. If this thermal energy is not efficiently dissipated, for example due to a high thermal resistivity of the active region, the device heats up.
In order to relate the resistance of the top waveguide R W G to the lattice temperature, we perform an initial calibration measurement without biasing the active region, and using the heat sink temperature as a reference. A clear fit of the temperature dependent resistance with the Bloch-Grüneisen formula is observed, yielding a Debye temperature of 164.6 K, which is in very good agreement with documented values for gold [20] . The waveguide resistance R W G , as defined in (1), is determined by sweeping the potential difference at the top contact (V Sense ) within a range of 0-200 µV, and evaluating the differential resistance ∂ V M /∂ I Sense using a linear regression analysis. This resistance is then translated into a temperature value using the initial calibration measurement. The temperature measurement is performed at each bias voltage applied to the QCL, yielding a complete light-current-voltagetemperature (LIVT) characteristic of a device.
Even though the current densities are rather small compared to typical terahertz QCL devices, we observe a quite significant temperature gradient between the heat sink and the top waveguide. Fig. 4 shows the measured temperature of the top waveguide layer, which equals the lattice temperature in the top of the active region. The heat sink is kept at a constant temperature of 20 K during the entire measurement. At low bias voltages, where there is almost no current flowing through the structure, and therefore only little electrical power dissipated, the measured temperature equals the heat sink temperature. With increasing current at higher bias voltages, the dissipated electrical power rises, and the active region starts to heat up. During lasing operation, the top of the active region is heating-up to a lattice temperature of up to 47 K, corresponding to a temperature difference of 27 K between heat sink and top contact.
V. THERMAL MODEL
Since there is no lateral heat extraction possible in the device, the thermal conductivity perpendicular to the superlattice interfaces k ⊥ can be extracted from the measured temperature difference using a simple one-dimensional model. With the heat sink kept at 20 K, the thermal conductivity of the GaAs substrate (k Ga As ≈ 10 3 W/(m·K) [21] ) can be expected to be about two orders of magnitude larger than the thermal conductivity of the active region (k ⊥ ≥ 5 W/(m·K) [9] ). Therefore, we assume that the lattice temperature at the bottom of the active region approximately equals the heat sink temperature. In case of the investigated devices, where the heat diffusion is restricted to the direction perpendicular to the heterostructure interfaces (z-direction), the steady-state heat diffusion equation can be written as
where T is the local lattice temperature, and q the heat generated per unit volume. The dissipated electrical input power is uniformly distributed over the active region, yielding a homogeneous amount of heat generated per unit volume
where P is the electrical input power, d the thickness of the active region, and A the area of the laser ridge. Solving the heat diffusion equation with the appropriate boundary conditions (insulated boundary on top, and heat sink on bottom), yields a temperature difference T between heat sink and top of the active region
where R th is the thermal resistance of the device. From the measured temperature difference T as a function of the electrical input power P, the thermal conductivity k ⊥ of the active region is therefore determined to be 7.3 W/(m·K). This corresponds to a thermal resistance R th = 36.3 K/W of a 1000 × 60 µm large device. The estimated thermal conductivity k ⊥ of the superlattice is in good agreement with results of other techniques [9] . Using the extracted thermal conductivity of the active region, we set up a full two-dimensional thermal model of the device. In Fig. 4 the calculated lattice temperature at the top of the active region is plotted in comparison to the measured temperature. The results of this calculation agree very well with the measured values. The local lattice temperature distribution in the device for a bias voltage of 13.3 V is shown in Fig. 5 . The temperature at the bottom of the active region is close to the heat sink temperature of 20 K, and the temperature gradient in the active region is essentially determined by k ⊥ . This temperature monitoring technique, therefore, not only allows measuring the lattice temperature at the top of the active region, but also estimating the thermal conductivity and the complete temperature distribution across the active region. 
VI. CONCLUSION
We present an all-electrical measurement technique that allows monitoring the lattice temperature in the active region of a terahertz QCL with a double-metal waveguide, and report experimental results for GaAs/Al 0.15 Ga 0.85 As based devices with a four-well resonant-phonon active region design. We note that this technique can be applied similarly to terahertz QCLs with other types of waveguides, which also incorporate a metal layer on top of the active region, such as single-plasmon waveguides. Using a simple thermal model, the essential thermal properties of a terahertz QCL are extracted from the temperature measurement at the top of the active region. With these parameters it is possible to calculate the heat flow in the structure, and to evaluate the lattice temperature distribution in the entire active region. The simplicity of this temperature measurement technique allows it to be used for a routine LIVT device characterization, as well as for the thermal monitoring during operation. An evaluation of the temperature characteristics of terahertz QCLs, independent of processing and mounting techniques, as well as active region designs, is therefore greatly simplified.
